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11.1 Shear failure of soil 

When a soil is subjected to vertical and lateral stresses, deformations in different 
directions may occur. The pore water pressure and water content of the soil may 
also change. When the stress exceeds a certain limit, accompanied by a certain 
strain, failure of the soil occurs. This failure is usually characterized by 
movement of the affected soil mass by slip (<jV jj') along a certain plane, which is 
called the shear plane. 

For example in Fig. 11.1 (a), failure of the soil mass underlying the building 
foundation occurs due to excessive stressing of soil. The mode of failure ( 
jL&j'tfl) indicates deformations and tilting of the building which finally results in 
development of the shown slip surface along which shear stresses exceed the 
shear strength of the soil 
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(a) Shear failure of soil 
under foundation 


(b) Shear failure of soil 
behind retaining wall 


Fig 11.1 Soil failure by shear 


Another example is given in Fig. 11.1 (b) where a slip surface develops due to 
excessive self weight of soil enhanced (jj^) by lateral displacement of the 
retaining wall which results from the high lateral pressure. Again, the shear 
stresses on the slip surface exceed the shear strength of the soil. 

To judge on the safety of soil against shear failure (^ 5 -^' the relations 

between stress and strain for the conditions under which the soil may fail have to 
be evaluated (f^). 

11.2 The Mohr-Coulomb failure criterion 

In a soil mass, if the shear stress along any plane passing through a point within 
the mass exceeds the shear strength of the soil, failure will occur. The failure 

shear strength (if) of the soil on a failure plane or slip surface is expresses by the 
Mohr-Coulomb relationship which relates it to the normal stress (a) acting on 
that plane as follows: 

T f =c + Gtan(p .(11-1) 

(c) and (4>) are called the shear strength parameters, where (c) is the apparent 
cohesion and (<j)) is the angle of shear resistance. Since the shear stresses in a 
soil mass can be resisted by the skeleton of the solid particles, the shear strength 
is expressed as a function of effective normal stress as follows: 

x f = c' + o' tan(p .(11-2) 

(c’) and (f) are called effective shear strength parameters. 
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In Fig. 11.2, if the shear and normal stresses on a plane within a soil mass are 
such that they plot at point (A), shear failure will not occur along that plane. 
However, shear failure will occur along a plane, if the stresses plot at point (B) 
which falls on the failure envelop. A state of stress given by point (C) will not 
exist. 


X 



Fig 11.2 Mohr-Coulomb failure criterion 


The shear strength of soil can be expresses in terms of the principle stresses at 
failure at a certain point (P) as follows: 

This equation is represented graphically by Mohr's circle of stress, as shown in 
Fig. 11.3(a). 

(gi - c 3 )= (oj + o 3 ) sin (p + 2c cos (p .(11.3) 

If (o 3 ) and (gi) are known, then the normal stress (o) and the shear stress (x) 
acting on the plane passing by point (P) and making an angle (a) with the plane 
on which (oi) acts can be calculated as follows, Fig. 11.3(b): 
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Fig 11.3 Mohr’s circle presentation of stresses 


The physical meaning of the Mohr-Coulomb relation is that the shearing 
resistance of soil consists basically of the following parameters: 

(a) The frictional resistance to translocation (<JC&i) between the individual soil 
particles at their points of contact. 

(b) The structural resistance to displacement of the soil because of the 
interlocking between the particles. 

(c) Cohesion, or adhesion, between the surfaces of soil particles. 

The shear strength of cohesionless soil results from inter-granular friction alone, 
while in all other soils it results from both internal friction and cohesion. 

Another method of presentation of the Mohr-Coulomb failure criterion is by 
plotting the Modified failure envelop, as shown in Fig. 11.4. 

If points (P, P l5 P 2 ) lie on the modified failure envelope, the shear strength 
parameters of the soil (c 1 , 4>’) can be obtained by measuring (a’) and (a’) and 
applying the following relations: 
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Fig 11.4 Presentation of stress condition by modified 
failure envelop method 


<p' = sin' 1 (tana') .(11.7) 

c' =a'/cos(p' .(11.8) 


11.3 Behavior of granular soil in shear 

Consider an assemblage (ii-^) of soil particles confined between two plates of 
rough surfaces. Let a vertical stress (a) and shear stress (x), both per unit gross 
area, be applied to the assemblage. The behavior upon application of (x) depends 
on the looseness or denseness to which the grains are originally packed. 

(a) Loose state: 

When the vertical stress (o) is applied, the distance between the plates decreases 
slightly, Fig 11.5. Then, the application of shear stress (x) causes distortion 
associated with slipping between the grains, and a gradual rearrangement 

of the particles into a denser packing, hence, the distance between the 
plates decreases more. Such decrease is greater than that which occurred due to 
(g). 
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AV/V 



Horizontal 
* disjlacement 
(AH) 


Fig 11.5 Distortion of granular soil in loose state 


(b) Dense state: 

When the vertical stress (o) is applied, Fig. 11.6, the distance between the plates 
slightly decrease, lesser than in the case of loose state. Then, application of shear 
stress (t) forces causes the grains to move with respect of each other, but this 
cannot occur unless the distance (V), Fig. 11.6, between the plates increases. 
The shear stress at a given value of (o) in the initial stage of test is much greater 
than that for the loose state. With the increase of distortion (athe particles 
spread (-ac-44 to a density equal to that approached the loose packing at 
large distortions. 
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Shear stress (t) 



Horizontal displacement (AH) 


AV/V 



Horizontal displacement (AH) 


Fig 11.6 Distortion of granular soil in dense state 

Therefore, with shear initial loose particles become denser, and initially dense 
particles become looser. This behavior is true for grains strong enough not to be 
crushed during shear. Sands and gravels closely approximate to this behavior. 

11.3.1 Critical void ratio 

Decrease of the volume of loose sand during shear is accompanied by decrease 
of void ratio, and increase of the volume of dense sand during shear is 
accompanied by increase of void ratio, Fig. 11.7. The void ratio for which no 
volume change occurs during shear is called the critical void ratio. 



Fig 11.7 Definition of critical void ratio 
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11.4 Direct shear test 



The shear-deformation behavior of soils can be investigated by means of direct 
shear tests. The apparatus used in these tests is called the shear box. The set up 
and test apparatus are shown in Fig. 11.8. 


Normal load 


Steel plate 


Shearing 

force 




Water in case of 
soaked or drained 
tests 



Shearing force 

measurement 

device 



Fig 11.8 Shear test box set up and apparatus 
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The application of both normal load and subsequent shearing force produces a 
change in the void ratio of the sample. If the sample is dry, or partially 
saturated, this change will occur very quickly. If the sample is saturated, the 
change may take time depending on the permeability of soil. The water content 
of the sample at failure depends on the degree of consolidation of the sample 
under the vertical load before shear, on the permeability of soil, on the rate at 
which shear force is increased, and no the drainage condition during test. 

To investigate the effect of these factors, three types of test can be carried out: 

(a) Slow test: the shearing forces is applied at a rate which will not permit pore 
water pressure to be built up due to shear, and the water content with the 
sample is always equalized (<_s jMj). 

(b) Consolidated-quick test: the sample is allowed first to consolidated under 
the vertical load, followed by quick shear at constant water content. 

(c) Quick test: the water content of the sample remains unchanged during 

application of the vertical load and during the shearing stage ^ j*) 

In the shear box apparatus quick and consolidated quick tests can be carried out 
only on clayey soils. The permeability of other soils is so high such that even a 
very rapid increase of the stresses in the sample will cause some change in the 
water content. Slow tests can be carried out on any soil type. 

In loose sand the shear stress increase with the increase of shear displacement, 
accompanied by decrease of volume, to a maximum, or ultimate, shear stress 

value (t cv ) , at which the volume remains constant, Fig. 11.5. For dense and 
medium dense sands shear stress increase with the increase of shear 
deformation 

up to a maximum peak value, approximately equal to (x cv ) at large shear 
displacement attaining constant volume, Fig. 11.6. 

The angle of friction of sand can be determined by plotting ultimate or peak 
shear stresses against corresponding normal stress, Fig. 11.9. Typical values of 

(c|)) and (c|) cv ) are given in Table 11.1. It is obvious that both values depend on 
soil density and shape of grains. 
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Fig 11.9 Determination of the angle of friction of sand 


Table 11.1 Typical values of (([)) and (t|) cv ) 
for granular soil 


Type of soil 

<t> 

C|)CV 

Sand (round grains) 



Loose 

28-30 


Medium 

30-35 

26-30 

Dense 

35-38 


Sand (angular grains) 



Loose 

30-35 


Medium 

35-40 

30-35 

Dense 

40-45 


Sandy gravel 

34-38 

33-36 


The shear box, however, has the following disadvantages: 

(a) The area of shear surface changes as test progresses. 

(b) Shear stresses are unequally distributed over the shear surface. Fig. 11.10. 

(c) The water content of saturated samples of many types of soil changes as a 
result of change of stress. 

(d) Shear failure does not take place simultaneously at every point of the shear 
surface. It starts at the edges and proceeds towards the centre. Therefore, the 
peak value of shear resistance measure in the test is lower than the real 
value. 
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Fig 11.10 Unequal stress distribution in direct shear test 

A modified from of the direct shear test is the simple shear test, Fig. 11.11 in 
which a rectangular specimen enclosed into a rubber membrane is placed inside 
a hinged box. 

Normal force 

Shear force 



Fig 11.11 Simple shear test 


11.4.1 Angle of repose 

For loose sand and gravel the (o - x) relation is linear passing through the origin 
point, I.e. the intercept (c) is equal to zero. It can be represented accurately by 
the equation: 

x =otan(p d .(11-9) 

where (c|) d ) is called the angle of internal friction and equals roughly the angle of 
repose, Fig. 11.12. 



Fig. 11.12 Angle of internal friction of loose sand and gravel 
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11.5 Triaxial compression test 
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In the triaxial test, a cylindrical specimen is subjected to an equal all - round 
pressure and axial pressure. The test set up is shown in Fig. 11.13. 


Cell pressure 
Back pressure 



Perspex cell 
Water 

Rubber membrane 
Soil sample 
Porous disc 

Pore pressure 
Volume change 


Fig. 11.13 Triaxial apparatus 


The applied stress (o 3 ) acts laterally on the cylindrical surface of the soil sample 
through the rubber membrane, and vertically through the top cap. The additional 
axial load is applied by means of a piston passing through the top of the 
chamber. 

Figure 11.14 shows the used equipment which consists of both the triaxial cell 
and compression machine. 
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Fig 11.14 Triaxial compression machine and cell 

By means of the connections through the cell the test can be done as 

(a) Quick test (unconsolidated undrained test): No drainage is allowed. 

(b) Consolidated-quick test: Drainage is allowed in the consolidation stage and 
volume of escaping water can be measure. Then, pressure in the water 
contained in the pores (pore water pressure) can be measure during the next 
stage of application of the vertical load. 

(c) Drained (slow) test: Drainage is allowed in all stage of the test, and 
measurement of the quantity of drained water can be done. 

As the loads are altered, the vertical deformation of the sample is measured by a 
dial gauge. This is usually carried out by applying (o 3 ) then increase the axial 
stress, which is called "deviator stress" denoted (D), until failure occurs. Notice 
that: 


D = <?! - o 3 


(11.10) 


The stress - strain curve is usually plotted as ( 01 - 03 ), or (D), against axial strain 
(e a ), Fig. 11.15. 
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Fig. 11.15 Typical stress-strain relation for soil 


11.5.1 Initial tangent modulus 

The initial slope of the stress-strain relation. Fig. 11.16, is called the initial 
tangent modulus (E;). It is used for calculating the "elastic" settlement of soil. 



Fig. 11.16 Determination of the initial tangent modulus 


11.6 Stress-strain relations for granular soil 

In the test where the deviator stress (D) is done gradually and slowly, and 
drainage of water is allowed, no build up of pore water pressure occurs, i.e. This 
pressure remains zero and has no influence on the behaviour of the sample. A 
test conducted under this condition is called "drained test". This test is most 
accurate for determining the volume change curve by measuring the volume of 
water expelled from a loose sample, or taken into a dense sample. 

Fig. 11.17 shows the results of drained triaxial tests on saturated sand. It 
is noticed that for loose sand ( 01 - 03 ) increase with the increase of (s a ). 
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Loose sand 


Dense sand 


(01-03) (01-03) 



x x 



approaching a limiting value designated "compressive strength". For 
convenience, this value is taken at 20% strain. The volume of sample 
decrease with the increase of (ci - c 3 ), and at final stages of test this 
increase approaches zero. 

For dense sand (01 - o 3 ) increases with the axial strain to a peak value, 
then gradually reduces to the value approached by the loose sand. The 
compressive strength corresponds to the peak value. The volume 
initially decreases slightly, but as (01 - a 3 ) increases, it increases and the 
sample is said to "dilate" (-^>2). 

Typical Mohr diagrams for drained tests on saturated sand are also shown in 
Fig. 11.17. For dense sand the (o - x) relation is slightly curved downwards, but 
practically Equ. (11.9) applies. For gravels, sands and inorganic cohesionless 

silts ((^d) depends on the relative density, grading characteristics and grain 
shape. Typical values are given in Table 11.2. 
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Table 11.2: Typical values of (c^) 


Type of soil 

<l>d (deg.) 

Loose 

Dense 

Sand, rounded, uniform 

27.5 

27.5 

Sand, angular, well graded 

33 

33 

Sandy gravel 

35 

35 

Silty sand 

27-33 

27-33 

Inorganic silt 

27-30 

27-30 


Comparing between the values given in Table 11.2 with those given in Table 
11.1 it is noticed that the presence of water in the voids of sand and gravel has 
no influence on the (c|)d) values. But, if pressures develop in this water, effective 
stresses between the particles change, causing change of the shear strength and 
stress-strain relations. Development of pore water pressures depends on the 
drainage conditions, and on the tendency of the soil to dilate or contract. 


4jli 4-jUj'l oLldl i a j. jl (Jli 4jjll dl3l£ H 

A Will jl 4j jll 4 _aLI£ Jc- .XaJSJ !■»» * >» ol_La]l OAA ^3 aIjJAuj 

_4j jll CajlLs jjju..-, Lna 

( j]( ^4 W1 a3 ^ ->.y 4 jiJl« 4 4j J c" i. (jti 

CAtcljail <4^ (J-° Jc-1 ClAc-l Jll Caja Cli3l£j _ jj-%.ai jl (Jljlj 4 tj' 

*L3I -Ujjja£U CijjJI (Critical void ratio) “Jj^dl 

ol_ldl 1*» ■ >» jli _ oUdl i_Sji^a gtiil ^ 2aJ dljAa. (_J-a j j ■ Wa j (j^adl 

J^ll Jai-Aall 4-aJ2 Jl 4 njiU oLldl * >■ Jjjl Lli . JjjAui 4_n nil 

oAA _ 4jj]| Cajlia ^aAxjjj ja. .->11 IaJajl* (Jlatill Jaa_Aall 

4-ali-dl eiiLiiall ^LatS jLJ tjn.nj (Liquefaction) "Jalaj" ojaUoII 

jAiAA jl (Jl J j dljAa. Ajc. 4‘s‘sac'll 4JJ411 Jc 


A triaxial test can be carried out without allowing drainage of water after the 

sample is consolidated under all-round stress ( 03 ). This type of test is called 
consolidated undrained test, termed (CU) test. Results of this test for sand are as 
shown in Fig. 11.18. 















Shear Strength of Soil Y o't 


Loose sand 


Dense sand 


(03-01) (03-01) 



Fig 11.18 Typical results of consolidated undrained triaxial tests on sand 


Notice that for loose sand, if the soil can not contract during the shear stage, due 
to earthquake or blasting, the pore water pressure (u) will increase. If the soil is 
very is very loose, (u) can approach (D), and liquefaction occurs. For dense sand 
the sample can be not dilate during shear, therefore, the pore water pressure 
decreases. 

The values of (D) at failure are used to plot the Mohr circles such that the 
rupture lines are obtained. For loose sand, Fig. 11.19 (a), there is a little 
curvature. By measuring the pore water pressure at failure, Mohr circle 
corresponding to effective stress can be drawn.. 

X X 



Fig 11.19 Mohr circles for rupture lines for (CU) triaxial tests on sand 
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It is found that the (§') values are practically equal to (c|) d ) obtained from the 
drained tests. For dense sand, if the circles corresponding to total stresses are 
drawn, Fig. 11.19(b), the envelop shows obvious curvature which increase for 
denser sand. The envelope for the effective stress circle is linear and (<|)') is 
practically equal to (t|) d ). Therefore, the (c|) d ) value, called the drained angle of 
internal friction is a property for sandy soil independent on test conditions. 

11.7 Shear strength of fine grained soil 

The shear strength of saturated fine grained soil is dependent on the conditions 
of drainage before and during the shearing process. In the laboratory, the shear 
strength parameters can be mainly obtained for the following test conditions: 

(a) Consolidated drained test (CD test) 

(b) Consolidated undrained test (CU test) 

(c) Unconsolidated drained test (UU test) 

The consolidated drained test is carried out by applying (o 3 ) 

in the triaxial cell on a sample and allow drainage of water due to consolidation 
of the sample; the volume of drained water is measured. Then, axial deviator 
stress is applied at a slow rate so that no pore water pressure is built up in the 
sample. The test is continued until failure occurs, either by drop of deviator 
stress, or if the axial strain reaches 20%. Typical relations between axial strain 
and deviator stress and Mohr diagrams are shown in Fig. 11.20. 


Normally consolidated Overconsolidated clay 

clay 

(01-03) (01-03) 



Fig. 11.20 Typical results of drained tests on clay 
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Failure of normally consolidated clays in drained tests occurs at relatively large 
strains and decrease of volume takes place during shearing. Over-consolidated 
clays fail at relatively small strains, and subsequently the deviator stress 
decreases with increase of strain. The fine grained soils at saturation are similar 
in behavior to sand. Normally consolidated clay behaves similar to loose sand, 
and over-consolidated clay behaves similar to dense sand. In addition, over¬ 
consolidated clay may possess significant shearing strength even in the drained 

test at (03 = 0). The failure envelops for (o 3 ) values less than the 
preconsolidation stress may be expressed by: 

T f = Cj + o' tan(p d .( 11 - 11 ) 

For a certain type of clay, (4> d ) is nearly constant, but (cO is dependent on the 
over-consolidation stress. 



In the triaxial test the "ultimate" deviator stress which remains constant with 
large strain, named the residual strength, can not be reached. 

To overcome limitations of strain, so that the residual strength of the clay can be 
obtained, the ring shear apparatus is adopted. Since the residual strength on 
stress history, remolded samples are used. The sample is placed in the apparatus, 
Fig. 11.21, under a selected normal stress, then one half of the apparatus is 
rotated relative to the other by applying torque. 



Fig. 11.21 Schematic drawing of the ring shear apparatus 
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There is no restriction (j-^) to the magnitude of the shear displacement along 
the shear plane. The rate of rotation is slow enough to ensure true drained 
condition. Shear stress is obtained by measuring the applied torque. The relation 
between shear displacement and shear is drawn under a selected normal stress, 
Fig. 11.22. 


-j ^Maximum 

Residual 

Shear displacement 


T 



Fig 11.22 Residual strength of clay 


The residual state is reached as the clay plat-like particles, which form the soil 
mass, are re-oriented (L_^aUjI <> jjiu) parallel to the failure plane in a thin zone 

adjacent (1^ kjjja) to the failure plane. The residual angle of friction is obtained 
and used in long term analysis of slopes. Residual cohesion is normally zero. 

The consolidated undrained test is carried out by applying (G 3 ) in the triaxial 
cell on a sample and allow drained of water is measured. Then, the drainage 
outlets are closed and axial deviator stress is applied at a rate so that pore water 
pressure is equalized in the sample; measurement of pore water pressure is 
usually taken. The test is continued until failure occurs, either by drop of 
deviator stress, or if the axial strain reaches 20%. Typical relations between 
axial strain and deviator stress and Mohr diagrams are shown in Fig. 11.23. 

For most foundation problems involving failure of fine grained soil, application 
of the Mohr-Coulomb relation for the drained condition is not possible. It is 
more convenient to apply results of tests in which the influence of pore pressure 
is taken into consideration. In many cases it is appropriate to investigate the 
behavior of soil under no pore pressure dissipation. 
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Normally consolidated Overconsolidated clay 

clay 

Oi - 03 ) (c>l - CJ 3 ) 



Fig. 11.23 Typical results of consolidated undrained triaxial tests on clay 


The triaxial test can be carried out on a saturated soil sample without initial 
consolidation and without allowing water drained during loading. This is called 
the unconsolidated undrained test. Applying different confining pressure (a 3 ) 
will cause different pore water pressure to develop within the sample; however, 
no change in the skeleton (structure) of the sample will occur. 

If tests with different values of (G 3 ) are carried out on identical samples ( ^Ap 
the deviator stress at failure will be the same. Fig. 11.24. This is called 
the (|) = 0 condition. 



Fig. 11.24 Typical results of unconsolidated undrained triaxial tests on clay 
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Notice that since the skeleton of the samples is similar, all tests will lead to the 
same effective stress Mohr circle at failure. Again, if several samples are 

consolidated under the same cell pressure (G 3 ), then tested under undrained 
conditions at different cell pressure, the rupture line with respect to total stress is 
horizontal intercepting the x-axis at the undrained cohesion (c u ) and represented 
by the relation: 

x = c u = (oj- o 3 ) / 2 .( 11 - 12 ) 

11.7.1 Unconfined compressive strength test 

The unconfined compressive strength test is carried out on cylindrical samples. 
Axial load is gradually increase till failure with no surrounding confining 
stresses applied. This test represents a special case of (|) = 0 condition where 

c> 3 = 0. 


Any suitable compression machine can be used for carrying out the test. The 
autographic apparatus, Fig. 11.25, is most commonly used for this test using 38 
mm diameter samples. This apparatus is portable which makes it convenient to 
be used for in - situ determination of the clay strengths. The test is simple and 
fast, however, there are limitations which include the following: 



Saturated 
clay sample 


Fig. 11.25 Apparatus used for carrying out unconfined 
compressive strength test 


(a) The tested sample must be fully saturated 

(b) If the specimen contains any cracks or air voids, or has a low clay content, it 
will give untrue low strength. 

(c) Since the drainage conditions are not controlled, the test must not be carried 
out too slowly, otherwise undrained condition will not be satisfied. 
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The Mohr circle representing the unconfined compressive strength test is as 
shown in Fig. 11.26. The shear strength of the soil (Cu) is given by: 

c u =q U n./2 .(11.13) 


X 



Fig 11.26 Mohr circle presentation for unconfined compressive strength test condition 
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Fig 11.27 Pocket penterometer 
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Table 11.3 gives the classification of clayey soils consistency based on the 
unconfined compressive strength. 


Table 11.3 Classification of clayey soil based on consistency 


Consistency 

qun. (kg/cm 2 ) 


f J 

Very soft 

<0.25 

l-li. Qil 

Soft 

0.25-0.5 


Firm 

o 

1 

in 

o 

JLUA\ 1 

Stiff 

1 -2 


Very stiff 

2-4 


Hard 

>4 



11.7.2 Vane shear test 

In this test a vane, Fig. 11.28 is rotated in the soil producing a direct shear test 
on mainly a cylindrical surface formed by the vane during rotation. The 
maximum torque applied is measured by a spring. No consolidation takes place 
before shearing, and the test is carried out quickly, so it is considered a (UU) 
test. 



Fig 11.28 Shear vane apparatus 


The test is suitable for saturated clays of very soft to firm consistency. Field 
vane tests are typically 50-75 mm diameter and 100 -150 mm long. Thin blades 
are used to decrease disturbance of soil due to penetration of blades into the soil. 
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Laboratory vanes, 13 mm diameter and 50 mm long, are used in the field in test 
pits (jLLkl >*). 

The vane test overestimates the measured shear strength, depending on the 
plasticity of the tested clay. A correction factor is recommended to be used, Fig. 
11.29. The field shear strength is calculated from the following relation: 


c u (field) ^ ' c u (vane) 


(11.14) 


1.2 
1.0 
fi 0.8 
0.6 
0.4 

0 20 40 60 80 100 120 

Plasticity index -1 



Fig 11.29 Correction factor for obtaining field shear strength of clay 


To find (c u ) from the torque at failure obtained from the test, and dimensions of 
the vane: 


2D 


T = (n . D . FI. c) . (D/2) + 2 J (2 n r . Ar . c) . r 

o 

T = 71 D 2 c (H/2 + D/6) 


(11.15) 


11.7.3 Application of the (UU) test result 

In case footing on clay, when the shear strength is determined by the (UU) test, 
it will be on the safe side, since some consolidation can take place. On the other 
hand, the clay beneath a deep excavation may tend to swell because of removal 
of the overburden stress. If the tendency to swell is more than that to consolidate 
due to positive pore water pressure induced by shearing stresses, the water 
content may increase, and the shear strength correspondingly decreases; the 
shear strength obtained from the (UU) test is not on the safe side of safety. The 
(c|) = 0) concept for ove-consolidated clays generally leads to results on the 
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unsafe side; (UU) tests can be applied where the over-consolidation ratio is 2 or 
may be 4. 

It is also important to note that stiff saturated clays contain cracks, and the 
shearing strength of these deposits is to be determined using large diameter 
samples. 


11.7.4 Relation between undrained cohesion and over-burden pressure for 
normally consolidated clays 

For a normally consolidated clay, Fig. 11.30 shows that the ratio (Cu / 03 ') is 
constant. In a natural deposit, consolidation takes place under a combined (of) 



Fig 11.30 Mohr circle presentation or normally consolidated clay 


and ( 03 ') condition. However, it is found that there is constant ratio between 
(C u ), as determined from (UU) tests, and the overburden stress (o 0 '). 

Experiments proved that for normally consolidated clays, the (Cu/ o 0 ') ratio 
depends on the plasticity index (PI - %), such that: 

c u /o 0 '= 0.1 +0.0037 P.I .(11.16) 

11.8 Shearing resistance of unsaturated soils 

The pore pressure in unsaturated soils is divided into pore water pressure and 
pore air pressure. These values may not be equal, and there is difficulty for their 
determination. In practice, tests on these soils are made to duplicate as closely as 
possible anticipated field conditions, using the triaxial test. In many case the 
(UU) test is appropriate. Although the water content is kept constant, volume 
change occurs due to compression of the air in the voids. Typical results on (CL) 
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clay are shown in Fig. 11.31. It is noticed that curvature of the rupture lines 
decreases with the increase of the degree of saturation (S). 


S = 61% 



-► a 

Fig 11.31 Rupture lines for unsaturated soil 

For compacted clay fill, the deviator stress at failure, (oi - 03)5 decreases with 
the increase of placement water content (w). But, the fill can get saturated and 
the relationship between (01 - 03 ) and (w) can change as shown in Fig. 11.32. 


(ai -a 3 ) f 




Fig 11.32 Typical relations for compacted soils 


It may be required to test a compacted sample at placement water content after 
being soaked with water (as saturated samples) to obtain appropriate strength 
value. 

11.9 Effect of rate of loading 

Very slow rate of loading can occur in the field. Tests carried out at such rates 
showed that there is no effect for sands. Some clays, however, exhibit 
appreciable reduction of shear strength as the rate of loading decreases. This 

means that conventional (UU) tests may lead to unsafe estimate of the (c u ) field 
value. A reduction factor is suggested to be applied for the (c u ) laboratory value, 
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or (c u ) field vane value for clays of high plasticity. The reduction factor (C r ) is 
given by: 

C r =l- 0.5 log (PI / 20) .(11-17) 

11.10 Sensitivity and thixtropic characteristics of clays 

Most undisturbed natural clays show reduction of strength when they are 
remolded. This characteristic of saturated cohesive soils generally called 
"sensitivity". It is defined by: 

Sensitivity = ^-(“"disturbed) . (1U8) 

Qun^remolded) 

The classification of clays based on sensitivity is given in table 11.4. 


Table 11.4 Classification of clayey soil based on 


Senstivity 

qun. - kg/cm“ 

4 u o' , 

Insensitive 

< 1 

4 u A i hn v ‘Xfi. 

Low sensitivity 

1 -2 

4 u .I i .Ml 

Medimum sensitivity 

2-4 

4 U nl i n -v 1 i l-i i 

Sensitive 

4-8 

(JJoLuli. 

Extra sensitive 

8-16 

4inli o-dl 

quick 

> 16 

4 it o'. o->." 


The sensitivity of most clays is generally in the range 1 to 8. However, highly 
flocculent marine clay deposits may have sensitivity higher than 16. Some clays 
turn to viscous liquids upon remolding; these clays are referred to as "quick 
clays". The loss of strength of clay soil from remolding is caused primarily by 
the destruction of the clay particle structure that was developed during the 
original process of sedimentation. 

Thixotropy is defined as an isothermal, reversible, time-dependent process 
which occurs under constant composition and volume whereby the soil strength 
is reduced by remolding, then gradually returns to its original value when 
allowed to rest. 
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11.11 Selection of test procedures for determining the shear strength of soil 
in practice 

Shear strength of soil depends on the pore pressures that exist at the time shear 
failure occurs. Excess pore pressure may be caused by the stresses to which the 
soil is subjected and by the volume change during shear. These pore pressures 
dissipate at a rate which depends on the soil permeability, on the soil mass 
influenced by shear stresses, and on the rate at which stresses are applied. 

The following general remarks help in correct determination of the shear 
strength parameters of soils of different types: 

-4 

(a) For sand and gravel with k > 10 cm /sec, Equ. (11.2) can be applied with 

(c = 0) and (<|> = 4>d)- The value of (4>d) can be determined from drained tests, 
or practically can be estimated from table 11.1. Estimates of the shear 
strength parameters can also be based on the results of conventional field 
tests such as the standard penetration or the cone penetration tests. 

It has to be noted that if stresses are applied rapidly on a large soil mass of 

-3 -4 

dense sand with permeability in the range 10 to 10 cm/sec, the value of 
(clid) obtained from slow tests can be conservative. But, loose sand in such 
conditions (tj)’) has to be obtained from (c u ) tests. 

(b) For silts and clay the general procedure for determining the shear strength 
parameters is to use the triaxail test. Apply ( 03 ') equal to the overburden 
pressure, then increase the deviator stress (D) until failure occurs. But, 
notice that for normally consolidated clays ( 03 ') is less than the overburden 
pressure, thus the obtained shear strength parameters will be treated with 
higher factor of safety. 

(c) For saturated soils with permeability less than 10 6 cm/sec, the triaxial (UU) 
test, unconfined test, or the vane test can be applied for determining the 
shear strength parameters. For fissured clay the (UU) triaxial test must be 
used. 

(d) For long term analysis the shear strength parameters have to be determined 
from slow tests. 
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(e) For over consolidated clay (O.C.R > 6 and P.I. > 40) tests for determining 
the shear strength parameters are preferably carried out on large size 
samples. 

(f) For partially saturated soils the shear strength parameters will be determined 
after saturating the sample. 
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11.12 Examples 

(1) The soil at a site is formed of sand. The groundwater is 2 m below ground 
surface. The angle of internal friction of the sand is 35o, its dry density is 1.8 
t/m3 and specific gravity 2.65. Find the shear resistance of the soil at a depth of 
5 m. If the groundwater table rises to ground surface, find the change in the 
shear resistance. 


Solution: 



T 


2 m 


G.W.T. 


1 + e 


.-. e = 0.472 

G s -1 

Ysub. - ~ Yw 
1 + e 


5 m 


o 



x = a tam|) = 6.96 x tan(35) = 4.88 t/m" 


For G.W.T. at greound surface: 
g 0 ' = 5x1.12 = 5.6 t/m 2 
t = a tamj) = 5.6xtan(35) = 3.92 t/m" 


.-.Ax = 4.88 -3.92 = 0.95 t/m 2 
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(2) A direct shear box test was carried out on dry coarse sand. The box is 6 x 6 
cm. When a normal load of 28.8 kg was applied, the shear load at failure was 
17.3 kg. find the angle of internal friction of the sand . Find the magnitude and 
direction of the principal stresses at failure. 


Solution: 



a _ _ Q.8 kg/cm" 


T = ■ 


6x6 

17.3 

6x6 


= 0.48 kg/cm' 


Draw o - x plot: Point A = (0.8,0.48) 

Join OA. This is the rupture line. 

_i 0.48 o 

<b = tan 1 -= 31° 

0.8 

From A draw AM _L OA. M is the centre of the Mohr circle. 
Draw arc BAC. 


CT 3 = OB = 0.528 kg/cm 
ai = OC = 1.648 kg/cm“ 

Direction of principal stresses at failure is obtained by drawing AD parallel to OC, 
joining DB and DC, as shown. 
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(3) Quick shear box tests were carried out on three specimens of partially 
saturated clay. Results are as follows: 

Normal stress - kg/cm“ : 1.45 2.41 3.37 

Shear stress - kg/cm 2 : 1.03 1.17 1.32 

Find the apparent cohesion and angle of internal friction. Determine the 
unconfmed compressive strength of a specimen of the same soil. 


Solution: 



•—0.94—* 

c- kg/cm2 

Solution: 


Join the given points P, Q and R to obtain the rupture line, from which : 

c u = 0.81 kg/cnP%<j) = 8 . 6 ° 

For the unconfmed condition <33 = 0 . 

To obtain the Mohr circle draw line OA making an angle a with the horizontal: 

a = 45 + — = 45 + — = 49.3° 

2 2 

Draw AM _L rupture line. AMis the radius of the Mohr circle, 

9 

its value is equal to 0.94 kg/cm , which is c u as will be obtained 
from the unconfmed test. 

.'. q un = 2 x 0.94 = 1 .88 kg/cm ^ 
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(*) Quick shear box tests were carried out on three specimens of sandy clay. 
The cross section of the shear box was 6x6 cm. Results are as follows: 

Normal load - kg : 20 40 80 

Shear force at failure - kg : 20.52 27 35.64 

If a specimen of the same soil is tested in triaxial compression with cell pressure 

2 

of 1 kg/cm", find the total axial stress at which failure will be expected to occur. 
Solution: 

To obtain o and x values, divide results by the area of the shear box (6x6 cm): 
a-kg/cm 2 : 0.56 1.11 2.22 

x- kg/cm 2 : 0.57 0.75 0.99 

Plot the results as shown: 



°3 

a- kg/cm 2 


Draw the rupture line, from which c u = 0.44 kg/cm z and cf) Ll =14°. 
To obtain the Mohr circle, plot 03=1 (point B), 

calculate a = 45 + — = 45 + — = 52°. 

2 2 

Draw line BA making anangle a with the horizontal, 

Draw AM _L rupture line. AM is the radius of the Mohr circle. 

9 

From the Mohr circle cjj = 2.77 kg/cm . 
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(5) The results of consolidated undrained triaxial tests with pore water pressure 
measurement on a compacted soil at failure are as follows: 


Lateral pressure 

kg/cm 2 

0.7 

3.5 

Total vertical pressure 

kg/cm - 

3.04 

8.95 

Pore water pressure 

kg/cm - 

-0.3 

+ 1.17 


Determine the apparent cohesion and angle of shearing resistance referred to 
total and effective stresses. 

Solution: 


To obtain e cu and (|) cu , Mohr circle A and B are drawn. 



From the common tangent: e cu = 0.54 kg/cm - and <|) cu = 21°. 
To obtain c' and (J)', calculate 03 ' and gi' as follows: 

g 3 ' - 0.7 - (-0.3) - 1.0, 3.5 - 1.17 = 2.23 kg/cm 2 
cti' - 3.04 - (-0.3) - 3.34, 8.95 - 1.17 = 7.78 kg/cm 2 
Mohr circles C and D are drawn. From the common tangent: 

c' = 0 and f = 32.6°. 
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(6) The following results were obtained from consolidated undrained triaxial 
tests with pore water pressure measurement on saturated clay at failure. 


Determine the effective shear 
envelope method. 

strength parameters (c' , §'). 

Use the modified 

Cell pressure 

kg/cm“ 

: 1.50 3.0 

4.5 

Deviator stress at failure 

kg/em - 

: 1.92 3.41 

5.04 

Pore water pressure at failure 

kg/cirf 

: 0.8 1.54 

2.22 


Solution: 


The modified envelope is the relation between CT1 +CT3 and 

2 2 


Test 

Stress -kg/cm2 

a 3 

<*1 

f 

a 3 

! 

a l' + a 3 ' 

2 

ai -a 3 

2 

1 

1.5 

3.42 

0.7 

2.62 

1.66 

0.96 

2 

3 

6.14 

1.46 

4.87 

3.165 

1.705 

3 

4.5 

9.53 

2.28 

7.32 

4.8 

2.52 



a’= 0.13 



O 
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(7) A vane 10 cm long and 8 cm diameter was used to measure the shear 
strength of a soft clay. The torque at failure was 450 kg.cm. Further quick 
rotations causing remolding of the clay were applied and the required torque was 
180 kg.cm. Calculate the undrained cohesion of the clay in its natural and 
remolded states. 

Solution: 

T = 7i D 2 . c [H/2 + D/6] 

• Undisturbed state: 

450 = 7t (8) 2 . c u i [10/2 + 8/6] 

2 

c u i = 0.35 kg/cm“ 

• Remolded state: 

180 = 7i (8) 2 .c U 2 [10/2 + 8/6] 

2 

c u 2 ~ 0.14 kg/cnf 

Senstivity = q un . (undisturbed)/ q un . (remolded) 

= 2 x 0.35 / (2 x 0.14) = 2.5 (medium sensitivity) 
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11.13 Problems 

2 

(1) Specimens of sandy clay were tested in a shear box, 36 cm" in area, under 
undrained condition. The results are as follows: 

Normal load - kg : 18 36 54 

Max. shear load -kg : 11.52 15.84 20.16 

Plot the failure envelope for the soil. Determine the apparent cohesion and 
apparent angle of internal friction. 

(2) Specimens of compacted dry coarse sand were tested in a shear box, 6x6 
cm. The results are as follows: 


Normal load - kg : 

11 

20 

30 

40 

Peak shear load - kg : 

9.0 

18.1 

27 

36.2 

Ultimate shear load- kg : 

7.5 

15.2 

22.7 

30 


Determine the angle of shearing resistance in the dense and in the loose 
states. 

(3) A specimen of dry cohesionless soil was tested in a shear box. At a 

2 

normal stress of 2.4 kg/cm", the specimen failed at a shear stress of 1.6 

i 

kg/cm“. Determine the angle of shearing resistance. Find from Mohr's 
diagram the magnitude and direction of the principal stresses at failure. 

(4) Shear box quick tests were carried out on three specimens of unsaturated 
clay. The results are as follows: 

Normal stress - kg : 1.5 3 4.5 

Shear stress at failure -kg : 1.92 3.41 5.04 

Find the apparent shear strength parameters. What will be the apparent 
cohesion obtained from the unconfined compressive strength test. 

(5) Remolded specimens of soil, 6 cm square and 2 cm thick were tested in a 
shear box. Observations on the applied normal load and corresponding 
maximum shear load are as follows: 

Normal Load -kg: 18 27 36 45 

Max. shear load -kg: 15 19.5 25.5 31 

Determine the shear strength parameters. What will be the value of the 
maximum shearing load, if an identical specimen of the soil is tested under 
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normal load of 50 kg. Draw Mohr's circle for this applied load. Indicate the 
direction of the plane of failure, and the planes of major and minor stresses. 
Determine the magnitude of the principal stresses. 

(6) A drained triaxia! compression test was carried out on a saturated specimen 

9 

of clean sand. When the cell pressure was 1 kg/cnf, the deviator stress at 

2 

failure was 4.82 kg/cnf. Find (c^). Determine the deviator stress and major 

2 

principal stress at failure, if the cell pressure was 2 kg/cnf. 

(7) Two specimens of unsaturated compacted soil were tested in the triaxial 
cell under undrained condition. Each specimen was 4 cm diameter and 8 cm 
high. Results of the tests are as follows : 


Test No. : 

1 

2 

Cell pressure - kg/cnf : 

1 

2 

Deviator load - kg : 

72 

91.5 

Volume change - cm : 

+ 1.2 

+ 1.6 

Axial deformation - cm : 

-0.6 

-0.8 


Determine the shear strength parameters. 

(8) Triaxial tests were carried out on two specimens of soil. The results are as 
follows : 

9 

Cell pressure - kg/cnf : 1 2 

9 

Deviator stress at failure - kg/cnf : 3 6 

Determine the shear strength parameters of this soil. If a third identical specimen 

2 

was tested under a cell pressure of 3 kg/cnf, find the values of the major and 
minor principal stresses. 

(9) In an undrained triaxial test, a specimen of saturated clay failed under a 

2 9 

deviator stress of 1.8 kg/cnf when the cell pressure was 0.75 kg/crn - . 
Determine the value of the undrained shear strength of the soil. What will be the 
measured unconfined compressive strength of another specimen of the same 
clay. Draw Mohr's circles for both tests showing the failure envelopes. 

(10) The following are results of consolidated undrained triaxial tests with pore 
water pressure measurements on two specimens of a soil : 
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g 3 - 

kg/cnf : 

1 

2 

Gl - 

kg/cnf : 

4.4 

7.6 

U - 

kg/cm - : 

-0.2 

+ 0.6 


Determine the total and effective shear strength parameters. 

(11) Consolidated undrained triaxial tests with pore water pressure 
measurements were carried out on four specimens of silty clay. Results are as 
follows : 


g 3 - 

kg/cnf : 

0.5 

1 

1.5 

2 

Gl - 

kg/cnf : 

3.5 

4.4 

5.3 

6.1 

u - 

kg/cnf : 

0.05 

0.1 

0.12 

0.18 


Draw the modified failure envelope. Determine the effective shear strength 
parameters. 

(12) A drained test was carried out on dense sand. The all round pressure was 

2 2 

0.75 kg/cnf and the added vertical pressure to cause failure was 2.715 kg/cnf. 

Calculate the angle of internal friction and the angle of inclination of the 
failure plane. 

(13) In a consolidated undrained triaxial test with pore water pressure 
measurement on dense sand, the sample was consolidated under all round 

9 2 

pressure of 0.75 kg/cirf. At failure the pore water pressure was 0.6 kg/cnf and 

9 

the added vertical pressure was 0.725 kg/cnf. Calculate the angle of internal 
friction. 

(14) a- Derive the relation between the major and minor principal stresses at 
failure in terms of c and (|). 

b- In a drained triaxial compression test, a saturated specimen of sand failed 

2 2 

under a deviator stress of 5.35 kg/cnf when the cell pressure was 1.5 kg/cnf. 

Find the effective angle of shearing resistance of the sand, and the approximate 
inclination of the failute plane to the horizontal. What will be the deviator 
stress and the major principal stress at failure for another identical specimen, if 

9 

it is tested under a cell pressure of 2 kg/cm - . 

(15) Remolded specimens of silty sand prepared by compaction to Proctor 
maximum dry density and optimum moisture content are used for consolidated 
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undrained triaxial tests with pore water pressure measurements. The results are 
as follows: 

Test No. : 1 2 3 4 

g 3 ' -kg/cm 2 : 0.4 1 1.65 2.75 

Gp. g 3 ' -kg/cm 2 : 3 4.43 6.15 8.8 

Draw the Mohr circles and the failure envelopes. Determine the values of c' 
and 4>'. Also plot the modified failure envelope and compare the results. 

(16) A drained triaxial test is carried out on a uniform dense sand with rounded 

? 

grains. .The all round pressure g 3 = 1 kg/cnf. Estimate the deviator stress at 
failure. Use Table 11.1 for typical ^ value. 

2 

(17) The shear strength parameters of a soil were reported to be c = 0.2 kg/cnf 
and 4> = 22°. What is the minimum lateral pressure required to prevent failure 

9 

of the soil at a point subjected to vertical pressure of 4.5 kg/cirf. 

(18) Undrained triaxial test was carried out on a sample of saturated clay under 

9 

a lateral pressure of 0.5 kg/cnf. Calculate the deviator stress at failure 

9 

knowing that the unconfined compressive strength is 1.81 kg/cnf. 

(19) The soil under a footing consists of coarse sand having and angle of 
shearing resistance of 35°. The footing is subjected to an average vertical 

9 

pressure of 1.2 kg/cm - . An excavation was then carried out in the region 
rounding the footing. The footing settled and the underlying soil failed in 
shear. Estimate the shear stress acting on the failure plane. 

(20) An unconfined compressive strength test was carried out on a specimen of 
clay 4 cm diameter and 8 cm high. The specimen failed under an axial load of 
46.5 kg. At failure the axial change in the length of the specimen was 1 cm. 
Find the unconfined compressive strength of the clay. Describe the clay with 
respect to its consistency. 

(21) An unconfined compressive strength test was carried on a soil sample. The 
axial stress at failure was 1.6 kg/cnf. The plane of failure was inclined 50° to 
the horizontal. Calculate the cohesion and angle of internal friction of the soil. 
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(22) Calculate the shearing resistance against sliding along a horizontal plane 
at a depth 7 m in a soil deposit consisting of coarse sand. The groundwater 
table is at a depth of 3 m. The bulk density of the sand above the groundwater 

3 

table is 1.89 t/m , and the saturated density below groundwater table is 2.05 
t/m J . Assume that the angle of internal friction of the sand is 32 °. 

(23) A vane 11.4 cm long, 7.6 cm in diameter was pressed into soft clay at 
the bottom of a borehole. Torque was applied and gradually increased to 450 
kg.cm when failure took place. Find the shear strength of the clay. 


n n □ 



